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(57) A pressure sensor including a movable compo-
nent that is configured to move when the pressure sensor
is exposed to differential pressure thereacross, and a
pressure sensing component located on the movable
component. The pressure sensing component includes
an electrically conductive electron gas which changes its
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electrical resistance thereacross upon movement of the
movable component. The pressure sensor is configured
such that leads can be coupled to the pressure sensing
component and the pressure sensing component can
output a signal via the leads, the signal being related to
a pressure to which the pressure sensor is exposed.
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Description

[0001] The present invention is directed to a pressure
sensor, in preferred embodiments to a heat resistant
pressure sensor.

BACKGROUND

[0002] Pressure sensors are widely used to sense the
pressure of various fluids. Many existing pressure sen-
sors utilize a flexible diaphragm having a piezoresistor
located thereon such that flexure of the diaphragm caus-
es a change in the resistance of the piezoresistor. How-
ever, many piezoresistive materials are unable to with-
stand high temperatures. The limited temperature range
of such piezoresistive materials limits the environments
in which the pressure sensor can be used and also limits
the processing or manufacturing steps (i.e, when manu-
facturing the sensor) which may take place after the pi-
ezoresistive materials are deposited. Accordingly, there
is a need for a pressure sensor utilizing improved, heat
resistant sensing materials.

SUMMARY

[0003] In one embodiment, the present invention is a
pressure sensor utilizing heat resistant sensing materi-
als. In particular, the pressure sensor utilizes two piezo-
electric materials, one of which is doped to form an elec-
tron donor material, to create an electrically conductive
electron gas at the interface of the piezoelectric material
and the electron donor material. The materials selected
for the electron donor material and piezoelectric material
are preferably heat resistant to provide a heat resistant
pressure sensor.

[0004] In one embodiment the invention is a pressure
sensorincluding a movable component that is configured
to move when the pressure sensor is exposed to differ-
ential pressure thereacross, and a pressure sensing
component located on the movable component. The
pressure sensing component includes an electrically
conductive electron gas which changes its electrical re-
sistance thereacross upon movement of the movable
component. The pressure sensor is configured such that
leads can be coupled to the pressure sensing component
and the pressure sensing component can output a signal
via the leads, the signal being related to a pressure to
which the pressure sensor is exposed.

[0005] Other objects and advantages of the present
invention will be apparent from the following description
and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]

Fig. 1 is a side cross section of one embodiment of
the pressure sensor of the present invention;
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Fig. 2 is a detail view of a pressure sensing compo-
nent of the pressure sensor af Fig. 1;

Fig. 3 is a top view of the pressure sensor of Fig. 1,
illustrating a Wheatstone bridge configuration;

Fig 3Ais a schematic representation of the pressure
sensor of Fig. 3;

Figs. 4-6 illustrate a series of steps which may be
utilized to make the pressure sensor of Fig. 1; and
Fig. 7 is a side cross section of another embodiment
of the sensor of the present invention.

DETAILED DESCRIPTION

[0007] As shown in Fig. 1, the pressure sensor 10 of
the present invention includes substrate 12 having an
upper substrate portion 12a and a lower substrate portion
12b. The substrate 12 may be made of a variety of ma-
terials, including but not limited to silicon carbide, sap-
phire, silicon nitride, semiconductor materials such as
silicon, ceramics such as aluminum nitride, a combina-
tion of these materials or nearly any other material which
can be machined or formed into the desired shape. The
upper substrate portion 12a includes a relatively thick
base portion 14 and a relatively thin diaphragm or mov-
able component 16 extending across a cavity 18 formed
in the upper substrate portion 12a and in the lower sub-
strate portion 12b. The base portion 14 is relatively stiff
and remains fixed relative to the diaphragm 16 during
any flexure of the diaphragm 16.

[0008] The diaphragm 16 is relatively thin and flexible
such that the diaphragm 16 can flex upwardly or down-
wardly from its position shown in Fig. 1 when the dia-
phragm 16 is stressed or exposed to a differential pres-
sure. The diaphragm 16 can have a variety of thicknesses
to provide the desired flexibility characteristics. In one
embodiment, the diaphragm 16 is relatively thin and has
a thickness less than about 500 microns, or more pref-
erably less than about 300 microns, or most preferably
less than about 100 microns. In another embodiment the
diaphragm 16 isrelatively thick and has a thickness great-
er than about 500 microns. The diaphragm 16 may be
generally square in top view although the diaphragm 16
can have a variety of other shapes, including but not lim-
ited to circular in top view, rectangular in top view or var-
ious other shapes. The lower substrate portion 12b in-
cludes a port 21 in its bottom surface which communi-
cates with the cavity 18. The port 21 is preferably circular
but may be square or rectangular or any of a variety of
other shape conveniently machined or etched in the low-
er surface of the lower substrate portion 12b.

[0009] The pressure sensor 10 includes at least one
pressure sensing component 20 located on the dia-
phragm 16 (with Fig. 1 illustrating four pressure sensing
components 20a, 20b, 20c, 20d). It should be understood
that when a component or layer is referred to as being
located "on" or "above" another component, layer or sub-
strate (such as a pressure sensing component 20 being
located on the diaphragm 16), this component or layer
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may not necessarily be located directly on the other com-
ponent, layer or substrate, and intervening components,
layers or materials could be present. Furthermore, when
a component or layer is referred to as being located "on"
or "above" another component, layer or substrate, that
component or layer may either partially or fully cover the
other component, layer or substrate.

[0010] In the embodiment shown in Fig. 1, four pres-
sure sensing components 20a, 20b, 20c, 20d are utilized.
The diaphragm 16 supports the pressure sensing com-
ponents 20a, 20b, 20c, 20d and spaces the pressure
sensing components away from the cavity 18.

[0011] Fig. 2 is a detail view of pressure sensing com-
ponent 20a, with pressure sensing components 20b, 20c
and 20d having an identical configuration. Pressure sen-
sor 20a includes a layer of piezoelectric material 22 lo-
cated on the diaphragm 16 and a layer of electron donor
material 24 located on the piezoelectric material 22. The
piezoelectric material 22 and electron donor material 24
are located adjacent to each other and are in intimate
contact, defining an interface 26 therebetween.

[0012] The layer of piezoelectric material 22 is a stand-
ard piezoelectric material in which an electric polarity is
induced when the material is stressed. The piezoelectric
material 22 is preferably gallium nitride (GaN), although
as will be described in greater detail below, the piezoe-
lectric material 22 could be made of a variety of other
materials including but not limited to GaAs, InGaAs, or
InP. In a preferred embodiment the piezoelectric material
22 has a thickness greater than about 0.5 microns, and
in a more preferred embodiment has a thickness greater
than about | micron, and in a most preferred embodiment
has a thickness between about 0.5 microns and about
10 microns-

[0013] The electron donor material 24 is a layer of ma-
terial having free electrons; thatis, a material having elec-
trons in addition to the normal valence electrons of the
material. The electron donor material 24 is preferably a
piezoelectric material that is doped to provide additional
free electrons, although the electron donor material 24
need not necessarily be doped. The electron donor ma-
terial 24 is preferably aluminum gallium nitride (AlGaN),
although as will be described below, the electron donor
material 24 could be made of a variety of materials, in-
cluding but not limited to AIGaAs or InAlAs. In a preferred
embodiment the electron donor material 24 has a thick-
ness between about 200 Angstroms and about 500 Ang-
stroms.

[0014] In the embodiment illustrated in Figs. 1 and 2,
the piezoelectric material 22 is located between the elec-
tron donor material 24 and the diaphragm 16. However,
if desired the electron donor material 24 may be located
closer to the diaphragm 16 such that the electron donor
material 24 is located between the diaphragm 16 and
piezoelectric material 22.

[0015] Due to the inherent nature of the piezoelectric
layer 22 and the electron donor material 24, those ma-
terials 22, 24 establish a two dimensional electron gas
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("2DEG") at their interface 26. In particular, both the pi-
ezoelectric layer 22 and the electron donor material 24
have the same lattice structure (i.e. a hexagonal lattice
structure when the piezoelectric material 22 is gallium
nitride and the electron donor material 24 is aluminum
gallium nitride). The lattice structures of the piezoelectric
layer 22 and the electron donor material 24 are of the
same basic (hexagonal) shape, but of different lattice siz-
es. Thus, at the interface 26 of the piezoelectric layer 22
and the electron donor layer 24, the lattice structures of
the electron donor layer 24 adjusts (i.e. either stretches
or compresses) to match the lattice structure of the pie-
zoelectric layer 22. This adjustment in lattice structure at
the interface 26 causes the lattice structure of the electron
donor layer 26 to be adjusted through its entire thickness.
When in this condition, the electron donor layer 24 is in
a pseudomorphic state wherein the lattice structure of
the entire electron donor layer 24 is adjusted or forced
to move beyond its normal state. The electron donor ma-
terial 24 should have a relatively small thickness (i.e. less
than about 500 Angstroms) so that the electron donor
layer 24 is placed inits strained pseudomorphic condition
throughout its entire thickness when deposited on the
piezoelectric material 22.

[0016] When the lattice structure of the electron donor
layer 24 is in its pseudomorphic state, the lattice structure
of the electron donor layer 24 is strained. As is well
known, when a piezoelectric material (such as the elec-
tron donor material 24) is strained, each individual lattice
unit cell in the piezoelectric material creates a dipole mo-
ment such that a polarization field across the material 24
as a whole is created. Thus, the permanent strain in the
electron donor layer 24 creates a permanent polarization
field which drives the free electrons of the electron donor
layer 24 to the interface 26. In other words, the electron
donor material, 24, by virtue of its piezoelectrically in-
duced charge density and its free electrons, provides
electrons to the interface 26.

[0017] Inthis manner the piezoelectric material 22 and
electron donor material 24 cooperate to generate the
electron gas at the interface 26. The electron gas is es-
sentially a thin (i.e. less than about 50 Angstroms) layer
of electrons that migrate to the interface 26. This electron
gasis electrically conductive, and is a layer of free flowing
electrons that are not bound to any particular nucleus but
are retained at or around the interface 26 by electrical
forces.

[0018] A pair of electrically conductive (i.e,., metal)
contacts 28 are located at either side or end of each pres-
sure sensing component 20 and are electrically coupled
to the electron gas at the interface 26. Each of the con-
tacts 28 can be coupled to a controller, processor, com-
puter, CPU or the like (together, a "processor," not
shown) by wires, leads or the like such that the processor
can apply a potential across each pressure sensing com-
ponent 20 to thereby cause a current to flow in each pres-
sure sensing component 20. When a voltage is applied
across each pressure sensing component 20, a current
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flows thereacross by virtue of the electron gas present
at the interface 26.

[0019] In operation, the pressure sensor 10 is im-
mersed in a fluid whose pressure is to be sensed such
that the fluid to be sensed is located on the top side A of
the pressure sensor 10. The pressure in the cavity 18
may be set at a predetermined level to provide a refer-
ence pressure (or a vacuum) by sealing the port 21 (by
means not shown) to maintain the reference pressure in
the cavity 18. Alternately, if a differential pressure is de-
sired to be measured between fluids on the top and bot-
tom sides, A and B respectively, of the sensor 10, a first
fluid is introduced onto the top side A of the sensor 10
and a second fluid is introduced into the side B and into
the cavity 18 via the port 21.

[0020] Differential pressure across the diaphragm 16
causes the diaphragm 16 to flex upwardly or downwardly.
The flexure of the diaphragm 16 strains the pressure
sensing components 20 which alters the strainin the elec-
tron donor material 24 and modulates the number of elec-
trons donated to the electron gas by the electron donor
material 24. For example, when the diaphragm 16 is
moved in a first direction such that a strain sensing com-
ponent 20 is compressed, such compression varies the
electron mobility (i.e. the number of available free elec-
trons and their ability to carry a current) of the electron
gas. The change in electron mobility in turn varies the
conductivity of the electron gas. In contrast, movement
of the diaphragm 16 in an opposite direction places the
pressure sensing component 20 in tension and varies
the conductivity of the electron gasin an opposite manner
to that caused by compression. Thus, an applied strain
changes the band structure of the electron donor layer
24 and the sheet concentration of the electron gas, there-
fore modifying its conductivity/resistance.

[0021] The change in current flow across the pressure
sensing component 20 is proportional to the deflection
of the diaphragm 16. Thus, the deflection of the dia-
phragm 16 can be measured by detecting the current
flow across the pressure sensing components 20 for a
given voltage or electrical potential when the diaphragm
16 is not deflected, detecting the current flow across the
pressure sensing component 20 for the given voltage
when the diaphragm 16 is deflected, and comparing the
two measured current flows. The processor can then de-
termine the deflection of the diaphragm 16 and calculate
the measured pressure by formulas and/or lookup tables
and the like.

[0022] The electrical potential applied across the
length of the pressure sensing component 20 causes the
electrons donated by the electron donor material 24 to
migrate lengthwise along the interface 26. In this sense,
each pressure sensing component 20 could be consid-
ered to be a high electron mobility transistor ("HEMT")
providing a current flow analogous to the current in a
metal oxide semiconductor field effect transistor ("MOS-
FET"). The piezoelectric material 22 and electron donor
material 24 are analogous to a MOSFET gate electrode
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applied at the center of the field of electrons to modulate
the current flow across the pressure sensing components
20. Thus, the pressure sensing components 20 are strain
gages that operate as high electron mobility transistors,
and the electron flow thereacross is modulated by a
change in the electron density at the interface 26.
[0023] As showninFigs. 3 and 3A, the pressure sens-
ing components 20a, 20b, 20c, 20d are preferably ar-
ranged in Wheatstone bridge configuration on the dia-
phragm 16. An input voltage is applied across the input
voltage terminals 40, and an output voltage is measured
across the output voltage terminals 42. The two inner
sensing components 20b, 20c should be located at or
near the center of the diaphragm 16, and the two outer
sensing components 20a, 20d should be located adja-
cent to the outer edges of the diaphragm 16. In this man-
ner upon movement of the diaphragm 16 the two outer
sensing components 20a, 20d experience a tensile or
compressive force that is opposite to the tensile or com-
pressive forces of the two inner sensing components 20b,
20c.

[0024] When the diaphragm 16 is deflected the resist-
ance of the two inner sensing components 20b, 20c in-
creases or decreases, and the resistance of the two outer
sensing components 20a, 20d increases or decreases
in an opposite manner than the charge of the inner sens-
ing components 20b, 20c (illustrated in one scenario by
the arrows of Fig. 3A). The Wheatstone bridge configu-
ration shown in Figs. 3 and 3A thereby provides an in-
creased voltage differential across the output voltage ter-
minals 42 to thereby increase the sensitivity of the sensor
10. In particular, the Wheatstone bridge shown in Figs.
3A and 3B may take the form of the Wheatstone bridge
configuration shown in U.S. Pat. No. 5,777,826 to Rud,
Jr. et al., the entire contents of which are hereby incor-
porated by reference.

[0025] Rather than having the linear shape shown in
Figs. 1-3, each sensing component 20a, 20b, 20c, 20d
may be formed in a serpentine shape in the well-known
manner for strain sensors. The serpentine shapeincreas-
es the sensitivity of the pressure sensing components 20
while minimizing the space required for the pressure
sensing components 20. The serpentine shape also al-
lows the effective length of the sensing components 20
to be easily adjusted (i.e. by bypassing certain turns of
the serpentine shape) to provide a specific resistance
value for each sensing component 20. Such a serpentine
shape and its function is shown in, for example, U.S. Pat.
No. 5,777,826 to Rud, Jr.

[0026] The piezoelectric material 22 and electron do-
nor material 24 should be relatively robust, i.e., sufficient-
ly robust that the diaphragm 16 can flex to a degree that
causes significant stress in the pressure sensing com-
ponents 20 without causing the pressure sensing com-
ponent 20 to crack. For example, the pressure sensing
structure 10 should be able to accommodate a pressure
which generates a stress in pressure sensing compo-
nents 20 of at least about 10 kPa, or further preferably
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at least about 100 kPa, or most preferably at least about
100 Mpa without causing cracking in the piezoelectric
material 22 and/or electron donor material 24. The pie-
zoelectric material 22 and electron donor material 24
should be free of cracks in normal operation. The piezo-
electric material 22 and electron donor material 24 (and
the pressure sensing component as a whole 20) prefer-
ably have a resistivity, in an unstressed condition, of less
than about 30 ohm-centimeters, although this resistivity
may be varied if desired.

[0027] Asshownin Fig. 1, the upper exposed portions
of the substrate 12 and pressure sensing components
20 are coated with a passivation layer 30, such as silicon
nitride, aluminum oxide, or other insulating dielectric ma-
terials which seal and protect the sensor 10. The passi-
vation layer 30 is quite thin (i.e. having a thickness be-
tween about 3000 Angstroms and about 8000 Ang-
stroms) and therefore is sufficiently flexible so as to not
significantly affect the flexural characteristics of the dia-
phragm 16.

[0028] In the preferred embodiment, the piezoelectric
material 22 is gallium nitride (GaN) and the electron donor
material 24 is N-doped aluminum gallium nitride (AlGaN).
However, besides GaN/AlGaN, various combinations of
materials for the piezoelectric material 22 and electron
donor material 24 may be utilized, for example: GaAs as
a piezoelectric material 22 in combination with AIGaAs
as an electron donor material 24; InGaAs as a piezoe-
lectric material 22 in combination with InAlAs as an elec-
tron donor material 24; and InP as a piezoelectric material
22 in combination with InAlAs as an electron donor ma-
terial 24. However, due to various performance advan-
tages discussed below GaN/AlGaN are preferred mate-
rials for the piezoelectric material 22 and electron donor
material 24. Thus it is noted that for discussion purposes
the piezoelectric material 22 and electron donor material
24 may be referred to herein as the "gallium nitride layer
22,"and"aluminum galliumnitride layer 24," respectively.
However, this convention is included for ease of discus-
sion purposes only and is not intended to convey that the
layers 22, 24 are limited to those particular materials.
[0029] Gallium nitride theoretically retains its piezoe-
lectric properties to well over 900°C. Above temperatures
of 900°C, the gallium nitride begins to sublime and lose
nitrogen, thereby decomposing and ceasing to function
as a piezoelectric material. Aluminum gallium nitride is
stable to even higher temperatures (about 1,100°C).
Thus, the use of gallium nitride as the piezoelectric ma-
terial 22 and aluminum gallium nitride as the electron
donor material 24 provides a pressure sensing compo-
nent 20 having a relatively high operating temperature
of at least about 900°C.

[0030] A limiting factor in the operating range of the
pressure sensor 10 may lie in the materials of the con-
tacts 28. In order to ensure that the pressure sensor 10,
as a whole, can withstand high temperatures, the con-
tacts 28 should be made of materials which are stable at
high temperatures. Thus, the contacts 28 may be made
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oftitanium, nickel, platinum or gold, all of which are stable
at temperatures up to about 400°C or as high as about
600°C. However the contacts 28 may be made of any
metal or series of metals having a sufficiently large
enough work function to establish good ohmic contact
(i.e. the voltage/current relationship of the contacts 28
should preferably be linear in the range of as high as
positive ten volts to as low as negative ten volts, or further
preferably over a range of +/- 20 volts, or most preferably
over range of +/- 100 volts depending on operating con-
ditions). Under the current state of knowledge of materi-
als used as contacts 28, thermodynamic and chemical
interactions of the contact materials at temperatures
above 600°C may restrict the use of the sensor 10 at
temperatures higher than 600°C. Thus, the pressure
sensing component 20 and pressure sensor 10 as a
whole should be able to withstand temperatures af at
least about 400°C, or as high as about 600°C.

[0031] Inorderto manufacture the pressure sensor 10
of Fig. 1, an upper substrate portion 12a is first provided
(Fig. 4). The upper substrate portion 12a a may be made
of a variety of materials, such as the materials listed
above for the substrate, including but not limited to silicon,
aluminum nitride, silicon carbide, sapphire, or a combi-
nation of these materials which will support the epitaxial
deposition of the gallium nitride layer 22. The upper sub-
strate portion 12a can have any of a variety of thickness-
es, preferably at least about 300 microns, or more pref-
erably at least about 500 microns, or most preferably at
least about 1000 microns.

[0032] The upper substrate portion 12a is preferably
made of(111) silicon. Silicon having an (111) orientation
is preferred because such (111) silicon has a hexagonal
lattice or crystalline structure that matches gallium nitride
having a hexagonal lattice structure (also known as a
wurtzite lattice structure) and encourages gallium nitride
to adhere thereto and epitaxially grow thereon. In con-
trast, (100) silicon has a cubic lattice structure and there-
fore gallium nitride having a hexgonal lattice structure
cannot be easily grown on (100) silicon.

[0033] The upper substrate portion 12a may have an
etch stop layer 23 located therein which divides the upper
substrate portion 12a into an upper layer or device layer
25 and a lower layer 27. The etch stop layer 23 can in-
clude or be made from a variety of materials, including
silicon dioxide. Thus the upper substrate portion 12a may
be a semiconductor-on-insulator wafer, and more partic-
ularly, a silicon-on-insulator wafer which can be acquired
from commercial wafer manufacturers.

[0034] Alternately, the upper substrate portion 12a can
be made of a single monolithic or bulk material which
lacks the etch stop layer 23. Further alternately, the upper
layer 25 may be made of a different material than the
lower layer 27. In this case the upper layer 25 and a lower
layer 27 are formed separately but directly bonded to-
gether. For example, the lower layer 27 may be made of
(100) silicon and the upper layer 25 may be made of (111)
silicon. When the upper substrate portion 12a is con-
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structed in this manner the etch stop layer 23 may be
omitted, as the junction between the two different types
of silicon may provide an effective etch stop, particularly
for anisotropic etching. However, if desired one or more
of the upper 25 or lower 27 layers may include an etch
stop layer, such as silicon dioxide, located thereon before
the upper 25 and lower 27 layers are joined together to
provide the buried oxide layer 23 to the upper substrate
portion 12a.

[0035] The gallium nitride 22 is then desired to be de-
posited onto the upper substrate portion 12a. However,
due to differing coefficients of thermal expansion and the
difference in lattice constant (distance between adjacent
atoms) between silicon and gallium nitride, it may be dif-
ficult to directly deposit gallium nitride 22 onto the silicon
substrate 12. Thus, a transition layer 36 may be located
between the silicon substrate 12 and the gallium nitride
22 layer to allow the gallium nitride 22 to be stably and
securely adhered to the substrate 12, and to avoid crack-
ing of the gallium nitride 22 layer after the deposition proc-
ess.

[0036] The transition layer 36 can be nearly any ma-
terial which allows the gallium nitride 22 (or other material
used in place of the gallium nitride 22) to adhere to the
substrate 12 and grow epitaxially thereon in a relatively
low stress state. For example, the transition layer 36 may
be a compositionally-graded layer which has a compo-
sition which varies across its thickness to provide strain
relief to limit or to prevent formation of cracks in the gal-
lium nitride layer 22. The transition layer .36 may be com-
positionally graded such that gallium nitride, gallium, or
alloys of gallium nitride increase in concentration along
the transition layer 36 toward the side of the transition
layer 36 which faces the gallium nitride layer 22 (i.e., in
the upward direction in Figs. 1 and 2 or Fig. 5). The re-
maining portions of the transition layer 36 may be made
of the material of the substrate 12, materials which have
the same or similar coefficient of thermal expansion and
lattice constant as the substrate 12, or other materials
which provide strain relief. The use of such a transition
layer 36 is disclosed, for example, in U.S. Pat. Nos.
6,611,002 to Weeks et al., 6,617,060 to Weeks, Jr. et al,
and 6,649,287 to Weeks, Jr. et al. The entire contents of
all three of these patents are hereby incorporated by ref-
erence.

[0037] If desired, instead of or in addition to the com-
positionally graded transition layer described above, a
layer of silicon carbide can be located between the sub-
strate 12 and the gallium nitride 22. The silicon carbide
layer acts as an epitaxial template (i.e. a material having
a lattice structure that encourages epitaxial growth ther-
eon) and as a transition layer by reducing lattice mis-
match between the gallium nitride 22 and the substrate
12. This silicon carbide layer may be bonded to the sub-
strate 12 or grown as a conversion layer. In addition to
the compositionally graded layer and silicon carbide dis-
cussed above, the transition layer 36 may be a mixture
of nitrides and amorphous films, or various other appro-
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priate materials.

[0038] Thetransitionlayer 36 isdeposited onthe upper
substrate portion 12a, such as by metal-organic chemical
vapor deposition ("MOCVD"), molecular beam epitaxy
("MBE"), plasma enhanced molecular beam epitaxy
("PEMBE"), vapor phase epitaxy, pulsed laser physical
vapor deposition, or any other deposition technique
known to those skilled in the art. The piezoelectric ma-
terial 22 and electron donor material 24 are then depos-
ited on the transition layer 36, such as by MOCVD, MBE,
PEMBE, vapor phase epitaxy, pulsed laser physical va-
por deposition, or any other suitable deposition technique
known to those skilled in the art,

[0039] The transition layer 36, piezoelectric material
22 and electron donor material 24 are then patterned into
the shapes shown in Figs. 5 and 3 (or in the serpentine
shape described above), using any of the patterning tech-
niques known to those skilled in the art, including without
limitation photolithography and reactive ion etching
("RIE"). Alternately, the transition layer 36, piezoelectric
material 22, and electron donor material 24 may be de-
posited in the desired shape, for example, by deposition
through a mask.

[0040] Next, the passivation layer 30 is deposited over
the entire upper surface of the upper substrate portion
12a and the electron donor material 24. After depositing
the passivation layer 30, openings 29 are created in the
passivation layer 30 (Fig. 5). The openings 29 expose
the ends of the piezoelectric material 22. The leads or
contacts 28 are then deposited through the openings 29
to form electrical contact with the ends of the sensing
components 20 (Fig. 6).

[0041] As shownin Fig. 6, the cavity 18 is then formed
in the lower portion 27 of the upper substrate portion 12a.
The cavity 18 is etched in the upper substrate portion
12a, thereby defining the diaphragm 16 and the base
portion 14. The cavity 18 can be formed in a variety of
manners, such as wet etching, dry etching (including re-
active ion etching and deep reactive ion etching) and the
like. If the upper substrate portion 12a includes an etch
stop layer 23, the etch stop layer 23 of the upper substrate
portion 12a acts as an etch stop during the etching proc-
ess to provide precise control for the thickness of the
diaphragm 16. In this case the etch stop layer 23/upper
layer 25 define the thickness of the diaphragm 16. In
addition the etch stop layer 23 forms the upper surface
of the cavity 18. When the upper substrate portion 12a
lacks an etch stop layer 23, the substrate 12 is etched
using a timed etch to control the etch depth of cavity 18
and thereby control of thickness of the diaphragm 16.
[0042] The cavity 18 should be formed in the upper
substrate portion 12a after deposition of the gallium ni-
tride and/or aluminum gallium nitride. In particular, if the
cavity 18 were to be formed in the upper substrate portion
12a prior to deposition of the gallium nitride/piezoelectric
material 22 and/or the aluminum gallium nitride/electron
donor material 24, during the deposition process the up-
per substrate portion 12a will heat unevenly across its
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upper surface due to its non-uniform cross section or
thickness. The uneven heating can lead to uneven dep-
osition, poor thickness controls, and poor stoichiometry
controls of the deposited gallium nitride 22 and/or the
aluminum gallium nitride 24. Such poor stoichiometric
controls may in turn lead to cracking of the gallium nitride
layer 22 and/or aluminum gallium nitride 24 and degrad-
ed electronic properties of the sensing components 20.
In contrast, if the cavity 18 is not present during deposition
of the gallium nitride 22, aluminum gallium nitride 24
and/or other materials, the upper substrate portion 12a
has a uniform cross section to eliminate the cause of
uneven heating.

[0043] After the cavity 18 is formed in the upper sub-
strate portion 12a, the lower substrate portion I12b is pro-
vided. It is preferred to make the lower substrate portion
12b of (100) silicon (rather than, forexample (111) silicon)
because (100) silicon may be more readily available,
cheaper and easier to process. For example, (100) silicon
can be either anisotropically etched or reactively ion
etched, whereas (111) silicon must be etched by reactive
ion etching. However, if desired, both the upper substrate
portion 12a and lower substrate portion 12b may be made
of (111) silicon.

[0044] The upper and lower substrate portions 12a,
12b are then coupled together utilizing conventional wa-
fer bonding methods, such as silicon direct fusion bond-
ing, oxide bonding, metal bonding, or other bonding
methods well known in the art. At this time the fabrication
of the sensor 10 shown in Fig. 1 is complete, and the
sensor 10 can be utilized in the manner outlined above.
[0045] AsshowninFig. 7, in an alternate embodiment
af the invention the sensing component 20 may be locat-
ed on a cantilever 44, or other movable component, to
detect the movement of the movable component. For ex-
ample, in the embodiment shown in Fig. 7, the sensing
component 20 is located at the base of the cantilever 44
and can be used, for example, for sensing dynamic vi-
brational measurements, or to measure accelerations or
to take other physical measurements. Thus, the sensing
component 20 of the present invention can be used with
nearly any movable component to sense the motion
thereof for use in a variety of sensors and actuators.
[0046] The detailed description is by way of example
only. Although the invention has been described in terms
of preferred embodiments as set forth above, it should
be understood that these embodiments are illustrative
only and that the claims are not limited to those embod-
iments. Those skilled in the art will be able to make mod-
ifications and alternatives in view of the disclosure which
are contemplated as falling within the scope of the ap-
pended claims. Each feature disclosed or illustrated in
the present specification may be incorporated in the in-
vention, whether alone orin any appropriate combination
with any other feature disclosed or illustrated herein. Any
"statements of invention" or statements regarding the
aims or objects of the invention relate to preferred em-
bodiments only.
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Claims

1.

10.

11.

A pressure sensor comprising:

amovable component thatis configured to move
when said pressure sensor is exposed to a dif-
ferential pressure thereacross; and

a pressure sensing component located on said
movable component, wherein said pressure
sensing componentincludes an electrically con-
ductive electron gas which changes its electrical
resistance thereacross upon movement of said
movable component, wherein said pressure
sensor is configured such that leads can be cou-
pled to said pressure sensing component and
said pressure sensing component can output a
signal via said leads, said signal being related
to a pressure to which said pressure sensor is
exposed.

The pressure sensor of claim 1 wherein said electron
gas is a two-dimensional electron gas formed at the
interface of two materials.

The pressure sensor of claim 2 wherein one of said
materials is an electron donor material and the other
one of said materials is a piezoelectric material.

The pressure sensor of claim 3 wherein said electron
donor material is a doped piezoelectric material.

The pressure sensor of claim 3 wherein said electron
donor material is aluminum gallium nitride and said
piezoelectric material is gallium nitride.

The pressure sensor of claim 3 wherein said mova-
ble component is made of a semiconductor material,
a ceramic material, silicon carbide, sapphire or sili-
con nitride.

The pressure sensor of claim 3 wherein said piezo-
electric material is located between said movable
component and said electron donor material.

The pressure sensor of claim 3 wherein said electron
donor material has a thickness less than about 500
Angstroms.

The pressure sensor of claim 3 wherein said piezo-
electric material has a thickness greater than about
0.5 microns.

The pressure sensor of claim 3 wherein said piezo-
electric material has a thickness greater than about
1 micron.

The pressure sensor of claim 1 wherein said mova-
ble component is a diaphragm, said pressure sens-
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13.

14.

15.

16.

17.

18.

19.

20.

21,

13

ing component is located on said diaphragm, and
said pressure sensor further includes a relatively
thick base portion extending around and coupled to
said diaphragm such that said diaphragm flexes rel-
ative to said base portion when said diaphragm is
exposed to a differential pressure thereacross.

The pressure sensor of claim 11 wherein said base
portion and said diaphragm are made of the same
monolithic material.

The pressure sensor of claim 11 wherein said base
portionis atleast partially made of a different material
than said diaphragm.

The pressure sensor of claim 11 wherein said base
portion is a portion of a semiconductor-on-insulator
wafer having an internal etch stop layer, and said
internal etch stop layer is located on a lower surface
of said diaphragm.

The pressure sensor of claim 1 wherein said pres-
sure sensing component is made of a different ma-
terial than said movable component.

The pressure sensor of claim further comprising a
pair of electrical contacts, each electrical contact be-
ing electrically coupled to said pressure sensing
component and being spaced apart from each other
such that a current can be passed from one electrical
contact to the other electrical contact via said elec-
tron gas.

The pressure sensor of claim 16 wherein each con-
tact is operatively coupled to a processor such that
a change in conductivity of said electrically conduc-
tive electron gas can be detected by said processor
to determine the pressure or change in pressure of
a fluid to which said pressure sensor is exposed.

The pressure sensor of claim 1 further comprising
first, second, and third supplemental pressure sens-
ing components, and wherein said pressure sensing
component and said first, second and third supple-
mental pressure sensing components are arranged
in a Wheatstone bridge configuration.

The pressure sensor of claim 1 movement of said
movable component causes compression or tension
in said pressure sensing component.

The pressure sensor of claim 1 wherein said pres-
sure sensing component is a generally continuous
structure that is substantially free of cracks.

The pressure sensor of claim 1 wherein said pres-
sure sensing component has aresistivity of less than
about 30 ohm-centimeters in an unstressed condi-
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22,

23.

24,

25.

26.

27.

28.

29.

14
tion.

The pressure sensor of claim 1 wherein said pres-
sure sensing component can withstand a stress
therein of at least about 100Mpa without cracking
when said pressure sensor is exposed to a pressure
that strains said pressure sensing component.

A sensor comprising:

a movable component; and

a sensing component located on said movable
component, wherein said sensing component
includes an electrically conductive electron gas
which changes its electrical resistance therea-
cross upon movement of said movable compo-
nent, and wherein said sensor is configured
such that leads can be coupled to said sensing
component and said sensing component can
output a signal via said leads, said signal being
related to a movement of said movable compo-
nent.

A method for making a pressure sensor comprising
the steps of:

providing a substrate;

forming or locating a pressure sensing compo-
nent on said substrate; and

after said forming or locating step, etching a cav-
ity in said substrate below said pressure sensing
component to define a diaphragm above said
cavity with said pressure sensing component lo-
cated on said diaphragm, wherein said pressure
sensing componentincludes an electrically con-
ductive electron gas and wherein the electron
gas changes its electrical resistance therea-
cross upon movement of said diaphragm.

The method of claim 24 wherein said electron gas
is a two-dimensional electron gas formed at the in-
terface of two materials

The method of claim 25 wherein one of said materials
is an electron donor material and the other one of
said materials is a piezoelectric material.

The method of claim 26 wherein said electron donor
material is a doped piezoelectric material.

The method of claim 26 wherein said electron donor
material is aluminum gallium nitride and said piezo-
electric material is gallium nitride.

The method of claim 26 wherein said substrate is
made of a semiconductor material, a ceramic mate-
rial, silicon carbide, sapphire or silicon nitride.
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The method of claim 26 wherein said piezoelectric
material is located between said movable compo-
nent and said electron donor material.

The method of claim 24 wherein said substrate is a
semiconductor-on-insulator wafer or a portion of a
semiconductor-on-insulator wafer having an internal
etch stop layer, and wherein said etching step in-
cludes etching said substrate to a depth defined by
said internal etch stop layer.

The method of claim 24 wherein said pressure sens-
ing component is made of a different material than
said diaphragm.

The method of claim 24 further comprising the step
of depositing a pair of electrical contacts, each elec-
trical contact being electrically coupled to said pres-
sure sensing component and being spaced apart
from each other such that a current can be passed
from one electrical contact to the other electrical con-
tact via said pressure sensing component.

The method of claim 33 further comprising the steps
of coupling each contact to a processor, applying a
voltage across said pressure sensing component,
and monitoring a change in conductivity of said elec-
trically conductive electron gas with said processor
to determine the pressure or change in pressure of
a fluid to which said pressure sensor is exposed.

The method of claim 24 wherein said pressure sen-
sor is configured such that leads can be coupled to
said pressure sensing component and said pressure
sensing component can output a signal via said
leads, said signal being related to a pressure to which
said pressure sensor is exposed.

The method of claim 24 wherein said pressure sens-
ing component is a generally continuous structure
that is substantially free of cracks.

The method of claim 24 wherein said pressure sens-
ing component has a resistivity of less than about 30
ohm-centimeters in an unstressed condition.

The pressure sensor of claim 24 wherein said sub-
strate can be exposedto a pressure inducing a stress
in said pressure sensing component of at least 100
MPa without cracking.

10

15

20

25

30

35

40

45

50

55

16



EP 1 640 697 A1

L ol

421 <

gl g -2l

gel

T e e, K S A e e eSO

2 \\\\.\\\\ Il ed

A2 LT
0% ~FASES

77

\
g

\\\\\\\\\\\\\\\\\\;
™ RN /z.\r///v

og

i

Ol

10



EP 1 640 697 A1

B2l

i e

Y

<

21 AN

)4

% 4

it

9z ¥z L

0%

gc
N

11



EP 1 640 697 A1

Ol

s

My

12



EP 1 640 697 A1

ecl

mN_‘Hf

L2

LLGELSLEL, (LTI TI LSS,

s r

0g 7 wom

L~ L2

el ~ G

13



EP 1 640 697 A1

=g
1Vl 1z
Z#A] 9¢ 22 < g
N L P e B T e s R P r e I e A
e e, '
VAV TTETEATL WY ANV J S L LTI ETT LTS AT 7z
NNV 2 _ﬁ R A 7 ESRA Pl
xmmwﬁ/% ¥z oz
¥
o gz

" " i

or 207 20z

14



EP 1 640 697 A1

Lol

\Z

-2l
1~
a4 oc
¢ 9g 22
[ ; BV o¢
CLLTLLLLL LS TLLL LT LA TELLLTLL LI LLL LA T LT LT NN LTI SIS 1
4 00 OGN ¢ AN
ge 7 ge

Yeoe

"

0c

15



~J

EPO FORM 1503 03.82 (P04C01)

EP 1 640 697 A1

0’) European Paten!  EUROPEAN SEARCH REPORT
Office

Application Number

EP 05 27 0059

DOCUMENTS CONSIDERED TO BE RELEVANT
Categor Citation of document with indication, where appropriate, Relev_ant CLASSIFICATION OF THE
gory of relevant passages to claim APPLICATION (IPC)
X STUTZMANN M ET AL: "GaN-based 23 GO1L9/08
heterostructures for sensor applications" HO1L41/08
DIAMOND AND RELATED MATERIALS, ELSEVIER HO1L41/113
SCIENCE PUBLISHERS, AMSTERDAM, NL,
vol. 11, no. 3-6, March 2002 (2002-03),
pages 886-891, XP004357040
ISSN: 0925-9635
Y * abstract * 1-22,
24-38
* page 886, left-hand column, line 1 -
page 888, right-hand column, Tine 18 *
* page 890, right-hand column, paragraph 2
*
* figure 3 *
* figure 8 *
Y US 20037119220 Al (MLCAK RICHARD ET AL) 1-22,
26 June 2003 (2003-06-26) 24-38
* abstract *
* paragraph [0003] - paragraph [0008] *
* paragraph [0033] * TECHNICAL FIELDS
* paragraph [0038] * SEARCHED  (IPC)
* paragraph [0040] * GO1L
* paragraph [0045] * HO1L
* paragraph [0050] *
* figure 5 *
Y US 4 965 697 A (MOSSER ET AL) 1,11-15,
23 October 1990 (1990-10-23) 17-19
* abstract *
* column 1, 1ine 1 - column 2, line 28 *
* column 3, lines 22-62 *
Y US 5 074 152 A (ELLNER ET AL) 1
24 December 1991 (1991-12-24)
* column 1, Tine 1 - line 20 *
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
Munich 5 January 2006 Poizat, C
CATEGORY OF CITED DOCUMENTS T : theory or principle underlying the invention
E : earlier patent document, but published on, or
X : particularly relevant if taken alone after the filing date
Y : particularly relevant if combined with another D : document cited in the application
document of the same category L : document cited for other reasons
A technological background e e
O : non-written disclosure & : member of the same patent family, corresponding
P :intermediate document document

16




EPO FORM P0459

EP 1 640 697 A1

ANNEX TO THE EUROPEAN SEARCH REPORT
ON EUROPEAN PATENT APPLICATION NO. EP 05 27 0059

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

05-01-2006
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2003119220 Al 26-06-2003 US 6627965 Bl 30-09-2003
US 4965697 A 23-10-1990 DE 68901571 D1 25-06-1992
EP 0335793 Al 04-10-1989
ES 2032119 T3 01-01-1993

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

17



	bibliography
	description
	claims
	drawings
	search report

